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AT COMMERCIAL SST-OPERATIONS 

T. Foelsche, Rosalind  ende ell,* Richard R. Adams, 
and John W. Wilson 
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ABSTRACT 

Recent estimates of dose equivalents as function of altitude produced by 
Galactic and Solar Cosmic Rays are presented. The dose equivalents of Galactic 
Cosmic Rays are derived from measurements during the years 1965-1968 in high 
latitude and altitudes up to 140,000 feet of biologically effective components 
such as energetic neutrons, tissue ionization and stars in tissue-equivalent 
material. 

Attempts to measure the biologically important components or dose equiva- 
lents during intense and energetic solar events were not successful until the 
present time, 

To encompass especially giant energy events as that of February 23,  1956, 
which are considered the most significant for commercial SST-operations, nucleon 
transport calculations have been made at Langley for primaries and secondaries 
up to 10 Gev using H. Bertini's secondary production cross sections to 2 GeV 
for 016 with semi-empirical extrapolation to 10 Gev. 

In this way the build up of secondaries as observed for the high energy 
Galactic Cosmic Ray particles is obtained. For the February 1956 event only 
rough estimates of dose equivalents as a function of altitude were available 
before. The uncertainty of these doses is thus essentially reduced to the 
uncertainty in the primary spectra. The new calculations are compared with pre- 
vious calculation of M, Leimdorfer, R. G. Alsmiller, and F. T. Boughner for low 
energy events, which were made with Bertini's secondary production cross sec- 
tions for primaries up to 450 MeV, 
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Res-ullti;:: of' t h e  measureaents end c.il_r-tria%ions, trhj-el? a,pproe,cb uippe-r l i m i t . ' ;  
of ea.rl_ier es'ci~na-tes, are :  

(1) The C:~T.F.W dose eq~l ivaient  aiierap.ed 3 over higl1l.y- 8,ctive so la:^^ cy-elc: 19 
(1934-~964) f rom Galaetlic: and Solar  Cosm?ic gays a t  Li.0 hi-:u:rs/rnontb i n  euuising 
a l l i t u d e  a t  high Lztitutdes shou.ld have been (& 2 ~ $ )  o:r the   xim mum Pe r r~ i s s i b l e  
Dose rahe of 5 remlyear esta,blished by t he  11Ciit), If i n  t h e  avera.ge 10 bouxsfweeli 
i n  cruis ing a l t i t u d e  i s  assm.ed, A percentage of E?$ i s  due t o  G a l .  C,X, 

(2) The dose equivalent f o r  occupants i n  cruis ing a l t i t u d e  i n  high 1ati"cude 
du-ring the  maximux~ phase of the  February 1956 event should have been b e h e e n  
0 ,5  and 3 rern/br, Such exposure sirithout Just if ialhle reasons nufght be considered 
unacceptable f o r  pregnant occupants and may Lead t o  forensic  consequences, i f  
no evasion measures o r  proof i s  provided-, t h a t  the  exposure d id  not surjgass 
accepted l eve l s ,  

Events of t h i s  kind, which m.y occur a, max-imum of one t o  two times per 
Il-yea,r so l a r  cycle a r e  considered the  most relevant  rad ia t ion  pro'blera f o r  com- 
merei-a1 SST-operations, so f a r  a.s known s o l a r  cosmic radia t ion i s  concerned, 
For other high in tense  and energetic events, of the  so l a r  cycle 19, only doses 
i n  the  order of 10-50 rn rem/hr adre obtained. The eff ic iency , in fe r red  from the  
calcula,tions, of descent t o  bower a l t i t u d e s  i n  case of t h e  February 1956 high 
energy solar event and means f o r  mini.mizing implications f o r  comraercial. SXT- 
operations a r e  discussed. 



"?l 013.1- present  ifnowledge 3.n SST-cruisi:ng ai.t"i.tiic?-es (= 68 - ~ ~ , E G O  :Feet, 
LQ - 2 1  am) a r e  encountered mainly ioniz ing ra,diations produced by the  energet ic  
[low l e v e l  Gala,c-tie Cosmic Rays and t r a n s i e n t  Solar  Ccjsrfi-ic Rays o f  lower energyj 
however, orders of m.a,gnri.tude hj-gher intensi ' ty i n  some cases,  The 
G a I a c t i c Cosmic Rays (Gal, C , R , )  cons is t  t o  roughly 85% of protons, 
3_;1$ of n-pa,r t icles and 3% of heavier  nucle i  of an average energy of 
2-3 GeV/nucleon with p a r t i c l e s  extending t o  energies up t o  1017 ev of decreasing 
i n t e n s i t y ,  The S o I a r Cosmic Ray (Sol ,  C , R , )  prima,ries, a l s o  mainly- protons 
and a,-particles, have moslily o n Q  low energy up t o  300 MeV o r  even up t o  50 MeV, 
except f o r  l e s s  frequent  events i n  t h e  medium energy range up t o  2 GeV, I n  
very r a r e  cases a s  February 23, 1956 s o  caLEed g ian t  energy events were observed, 
with pa r - t i c l es  of up t o  l 5  GeV energy of measurable i n t e n s i t y ,  ind ica t ing  an 
astonishing potential,  of t h e  sun t o  acce le ra te  charged p a r t i c l e s  t o  high ener- 
g ies ,  Both, Galact ic  snd S o h r  Cosrnic Rays, produce a t  t h e i r  penet ra t ion  
through t h e  atmosphere a multitude of secondaries (protons,  a ,  neutrons, heavy 
nucle i ,  y-rays, mesons, and. electron-photon cascades, wh-ich a r e  i n  t i s s u e  i n  p a r t  
more b io log ica l lg  e f f e c t i v e  than t h e  primaries,  The problem i s  t o  assess  the  
biologicaL weight or  dose equivalent i n  t i s s u e  of t h i s  mixtu.re of primaries and 
secondaries, The p a r t i c l e s  most unknown i n  t h e i r  e f f e c t s  a r e  the  heavy prj.- 
maries and energet ic  heaxy nucle i  produced i n  nuclear  c o l l i s i o n s  of primaries 
with airatoms, These p a r t i c l e s  a r e  highly- r a r i f i e d  i n  XST-altitudes of today. 
More important, because of t b e i r  much l a r g e r  nmlber, appear e spec ia l ly  seeonda.ry 
energet ic  newtrons (0.1. - 400 MeV-), trkich penetra te  r e l a t i v e l y  f r e e l y  i n  a i r  
produce, however, i n  t i s s u e  d e n s e e  ioniz ing r e c o i l s  a,nd s t a r  prongs i n  nucleaz 
c o l l i s i o n s ,  There i s  furthemlore s t a r  psodu-ction i n  t i s s u e  from highly energet ic  
charged primary and second-ary protrons arid CL, even though they ion ize  a,long t h e i r  
pa th  only l i g h t l y ,  These corponen-bs arld t h e i r  products i n  t i s s u e  a r e  of a more 
famili-ar  nature and t h e i r  effec-ts  a re  more comparable t o  t h e  e f f e c t s  of l i g h t l y  
ioniz ing X-say-produced e lec t rons  of h.igher dose, The X-ray d.ose equivalents  a r e  
es tabl ished by t h e  1CW f o r  such p a r t i c l e s  and maximum pe~"~'i1issible d-oses (WD) , 
t o  which the  mea,su.red p a r t i c l e s  of d i f f e r e n t  kind and Lhe sm of the:i.r. dose 
equ-ivalents can be compared, 

Theoret ica l  s tud ies  and eskimates of doses i n  SST-altitudes on t h e  b a s i s  
of availa.bke data, a r e  l i s . t ed  i n  references L - 14, The only measurements, ho5m 
t o  -these il,uthors, of biological.  e f f e c t i v e  coqorrents i n  SST-altitudes except 
heavy primaries are  those made by s c i e n t i s t  of the University of B r i s t o l  f o r  
Galact ic  Cosmic Rays i n  t i s s u e  equivalent  nuclear  emuLsioazs ( r e f .  l 5 ) ,  Measure- 
ments of biol_ogical e f f e c t i v e  components during Lntense and energet ic  Solar  
Cosmic Ray events seem nonexistent,  

To a ,ss is t  i n  t h e  establishment of a pos i t ion  on opera t ional  requirement f o r  
ecxanercial. SST-operations, NMA-kngley has conducted s ince  1-96? measurements 
of those biol_ogical e f fec t ive  components, which we consider most important 
( i , e , ,  especia l ly  energet ic  neutrons, t i s s u e  ion iza t ion ,  and hea-rry prima,ries) 
a-t al"c.itudes up t o  1.3'7,OOO f ee-t with Balloons with cooperative assista,nee of 
t h e  Office of  Na~i-al Besearch,. fir"ciemrore u.p -to anti-cipated SST-a,l_titudes, 



ai.rpl.ane f l i g h t s  -were condr~.ctec?x -izi.Li;h co<iperai;ive asais tanee  o f  the A , F i  %Sys-t-erns 
Coma,nd 1966, 1941 and. s ince 1968, by med-iation of FAA, wi-th eoopei-a"cve assis-- 
, k n e e  of A,F,  Chi.ei" o f  Operations, A, F, WeatI1erser7~i~e, and A , F ,  Weapons 
Laboratory -in pl'~vi.&i.j~g -the opportunity f o r  high a1.-Litl~de fl?-gh-i,s, 

li:n sec t ion  11, pa r t  of -the balloon measurements on Galaetrle Cosn?j.c Ray 
co~;l?onents during the frlrst 4 years of the  new so la r  cycle i n  high l a t i t u d e s ,  
and the  r e su l t i ng  dose equivalents ads functions oY a l t i t u d e  a re  presented, 
From these measurements dose equivalents f o r  the crew averaged over t he  e n t i r e  
so l a r  cycle a r e  estimated, 

The a i rp lane  f l i g h t s  were especia l ly  designed t o  conduct l a t i t u d e  scans i n  
SST-altitudes and t o  measure during so l a r  events i n  high Eati-tudes, Because of 
the  Low frequency of s ign i f i can t  events, relevant  da,ta t o  check t heo re t i c a l  
ca lcula t ions  may be expected only a f t e r  several more yea,rs, 

To assess  theore t i ca l ly  the  dose equivalent from Solar  CosmJ-c Rays, s ince  
1964 t heo re t i c a l  s tud ies  were conducted by the  neutron divis ion of Oak Ridge 
National Laboratories (~eimdorf  e r  e t  a l ,  , r e f ,  9) and by NASA-Langley ( r e f s ,  6 
and 11). A treatment of the  most important "giants '  energy events a s  t h a t  of 
Februaxy 1956 was not  poss ible  u n t i l  recent ly .  To achieve t h i s  a new t ranspor t  
code i s  developed by J. We Wilson, NaSd l  Langley (see Appendix 11) and appl ied  t o  
t h i s  event, the  most in tense  and energet ic  event of t h i s  kind observed s ince  
1942 (see r e f ,  6 ) .  

The obtained dose equi~ralents  a s  a function of a l t i t u d e  a l so  f o r  medium 
and low ene rw  events are  presented i n  sect ion 111. I n  t he  same sect ion t he  
average dose equivalent which wou-3-13 have been received by the SST-crew from a l l  
significa.nt events of the  highly ac t i ve  s o l a r  cycle l 9  (1954-1964) i s  estimated. 
Special emphasis i s  given t o  the  r e l a t i v e  high exposure t o  crew and passengers, 
especia l ly  t o  pregnant occupants, received i n  a fetr hours i f  encountering the  
Febsrv.a,ry 1956 event En i - t s  ear ly  phase i n  a l - t i tude and high Lati tude,  Such 
event appears t o  be a major rad ia t ion  problem reLevant t o  SST--operations. 
Froa t h e  calcuJ-ations of dose equivalent a s  function a l t i t u d e s  the  reduction of 
exposure a t  descending t o  d i f f e r en t  Lower a l t i t u d e s  i s  obtained. 

I n  sect ion 31V, t h e  exposure of crew and passengers from Gal, and Sol, C ,R .  
d~rr ing cycle 19 i s  compared with the Ma.xioium Penaissrible Doses :for rad ia t ion  
workers and individuals  of the general  population, a s  esta,blished by the  IC-, 

i n  sect ion V, t he  dose equivalents a s  function of a l t i t u d e  i n  high l a t i t u d e s  
and conclusions a re  summarized, which appear relevant  t o  SST-opera,tions. Pre- 
caution measures t o  m7Enimize implications a r e  discussed, 

The instruments used i n  the RASA Langley program a r e :  
( a )  Phoswich sc in t i l l a to r -neu t ron  spectrometer which measures t h e  r e c o i l  

proton f luxes  i n  the  ra,nge 1-10 MeV i n  7 energy channels using the  pulse shape 
discri.mination p r inc ip le .  The instruments adre designed by R.  ende ell* who 
supervises a l s o  the  ca l ib ra t ions ,  maintenance and reduction of h t a  ( n - f l u  
1-10 MeV, ex~ onen t  of s p e c t - m  E-a) , 

( b )  Tissue equivalent Ion chambers, desigged and b u i l t  'by. AVCO, Tulsa., 
Oakla~ioma., with the recorder p a r t  designed by R, R. Adams, NASA Laneley who 
supervises t h e  e a l i b r a t i o r ~ ,  mintena,nce, and data red-uction, t he  I -a t t e r  with 
J u l i a  Goodwin, 

"~VYIT Cosmic Ray department, u~nticr d j  reeti on of' Prof ,  S, Korff, 
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&.a 
fe) T;r,:rge nuelea . r  e~n.ulsion s-f;acks"" f o r  oh-ta'irlina .., a s a - t i s f a c t o ~ y  s ~ t a t i e t 5 . c ~  

on the  few bea,vi pri.m,rii:s and energet ic  heavy secoiidamies :Liz a %.a,rger body, st 
SST-sa,l.ti.t~~i3.es. 

The ba.l~lcon fl.?.ght opcratioas were super-vised by I?, Fx-.eernan of NASA 5k,ngley, 

A b r i e r  ~.xpL6nairon of the  tjsed t - rm in~ iog j  may 513 i r _  order: 
P a r t i c l e s  anore l~eav i iy  3orr1zljaig alorig "cel r  pa-ch rir? t i s s u e  than X-ray pro- 

duced e lect rons  have higher. I)iological. e f f ec t s ,  if t h e  same ene lm  per  gran 
t l s s u e  i s  deposited. The energy absorbed/gr t i s sue  i s  measured i n  

The r a t i o  of r ad  doses of X-rays and heavier ionfzing pa r t i c l e s ,  respec- 
t i ve ly ,  s ~ l ~ l c h  ha,x~e roughly t he  same e f f e c t s  i s  ca l l ed  t he  % f ax to r  (Qua l i ty  

f a c t o r  of t he  p a r t i c l e s )  assumed here dependen-t only on the  average specif i-c 
ionizat ion of t he  p a r t i c l e s  along t h e i r  pa th  (&inear energy t r an s f e r ,  "LET"),  
The higher rad  dose of X-rays, which has tlie sane e f f e c t  a s  t he  sma,lLer rad  
d-ose of the  p a r t i c l e s  2s c a l l ed  t he  (x-ray) dose equi.rra,lent or  rem dose and i s  
obtained by multiplying the  actu.a,l rad dose of the p a r t i c l e s  with t he  QF fac- 

t o r ;  %ha% i s :  
reru (equivalent  X - r a y  rad,  dose equi.val-ent) = Q,F - x rad-par t ic les  

The r e l a t i on  becween the  LET of p a r t i c l e s  and t h e  Q f a c to r s  i s  e s t a b l i  shed 

rough empirical ly and conservatively by the  I C R P  f o r  protect ion guideline pur- 
poses, In these  guide2Lnes the  Maximum Pes~~i .ss~b1.e  Doses a r e  given i n  rem, 

To 03-tain the  (x-ray) d ~ s e  eq11i.valen-t i n  rem, f o r  example, of energet ic  
neu.tro;zs, which produce i r z  t2ssu.e heavily ionri z i n g  tra,cks l i k e  r e c o i l  protons 
(hydrogen conten%)), heav-y r eco i l s ,  and low energy protons and a:, eva.porating 
a f t e r  i n e l a s t i c  nuclear col.l.isions b r i - t b .  C ,N ,O a,nd other  atomic const i tuents  of 
'cissu.e, the  LET-spectrwn of these pa,r.'~icles must be known, 

The deposited. energy per  g t i s s u e  ( rad)  and the  LET spect ra  i n  t he  con- 
sidered g of a 30 crn th ick t i s s u e  lager a t  norma.1 a,nd j.sotropic incidence a r e  
ca,lcu.lated wit11 Monte Garlo me"cod.s f o r  neutr0n.s a,nd protons of energj-es i n  the  
range O , l  -. 4.00 MeV i n  referenee 17, reference 18, and. reference 19, and pre- 
sented i n  the  form of fl-ux t o  dose ("c rad- a,nd rem-dose) conversion f ac to r s ,  
Th.ese conversion f ac to r s  a,re used i n  a l l  p a r t s  of t he  following paper t o  obtain 
f ro= par-t:icSe energy spectra of the  enviromnent dose equivale~zts a,nd rad 
doses i n  small, "issue sxfaples ( ex -b~e~n i t i e s )  or  i n  the  depth of a body phantom, 
For nelztro-11s i n  the  energy range 0.2 - 10  NeV th.e f l u x  "c dose conversion fac- 
t o r s  a,g,ree abou-t with those of Snyder-Neufeld plrblished in Handbook 63, Nat:Lonal 
Bureau of Standards, 1957. For eva,pora.ti.on par t i .c les  t he  code of L, Dresn.er 
i s  used ( r e f ,  2O), 

""--- - ~ - = - - - - - . -  -.-- - ~--. ---- --," 
XI( 
,,A The redueti 011 o;t the data  i s  si;iJ_I. i n  progress, 



11, T1h2 Calac- t ie  Cosn;<c Ray 90s.. Equiveieni:; as Frrnc t ion  0 - C  Alti.-'r.ilde, 
- . . .-" --_ll____l_ll.---u-- - 

Doses of Crew kv-eraped Over +lie Solar  Cycle 
" -__-- 3-""--_d 

I n  Figtiye i are plo~Lt,ed separ-aJiely- --the diffci-en.t componei.lts of which the to-La1 
dose equi71al.en-'c is composed, a,s fu.nci;i.ori of a,lit itud.e and a.t cliff erent pha,ses 
o r  the presen-t s o l a r  cycl-e (1965 - 1968). 

The p l o t t e d  compcments der ived  from measurements a r e :  

a .  Tissue i o n i z a t i o n  i n  r a d  from a11 components, a s  i o n i z a t i o n  along t h e  
pa th  of pr imar ies  and charged secondar ies ,  from mesons, garoma r a y s ,  ioniza,- 
ti.on produced by neutrons i n  t i s su-e  (i, e ,  , of r e c o i l  pro-tons , heavy r e c o i l s ,  
neutron produced s - ta rs  i n  t i s s u e )  and i o n i z a t i o n  du-e t o  s t a r s  produced by 
ene rge t i c  charged p a r t i c l e s  a l l  measured i n  t h e  t i s s u e  equiva len t  i,on 
chamber. Pa r t  of t h e s e  components ha,ve, because of t h e i r  high s p e c i f i c  
ion iza , t ion ,  a Q-fact,or >1 which i s  taken  i n t o  account s epa ra t e ly  i n  ( b )  
and ( c ) .  
b. The d i f f e r e n c e  of rem and r a d  dose produced by ene rge t i c  neutrons 
( 0 . 1  - 500 MeV) i n  t i s s u e .  
c .  The d i f f e r e n c e  of rem and r a d  dose of s t a r s  produced by primary and 
secondary charged p a r t i c l e s  i n  t i s s u e .  

To ob ta in  t h e  t o t a l  dose equiva len t  (rem) by summa,tion of p a r t s  ( a ) ,  ( b )  
and ( c ) ;  t h e  rad  doses o r  energ jes  deposi ted i n  t i s s u e  due t o  neutrons and 
charged part ic le-produced s t a r s  has been subs t r ac t ed  from t h e  t o t a l  dose 
equiva len ts  (rem) of neutrons and cha.rged p a r t i c l e  produced s t a r s ,  s i n c e  
they  a r e  a l r eady  measured i n  t h e  t i s s u e  equiva len t  ion  chamber. 

The component ( b )  i s  ob ta ined  i n  t h e  fol lowing way : 
- 

-1.26 
Only t h e  f l u  and spectrum s lope  (E ) of neutrons i n  t h e  energy range 
1 - 10 MeV a r e  measured wi th  t h e  neutron spectrometer .  A s u b s t a n t i a l  con- 
t r i b u t i o n  t o  t h e  t o t a l  dose equiva len t  (and r ad  dose)  of neutrons i s  due t o  
neutrons of t h e  lower energ ies  0 . 1  - 1MeV ( ~ 3 5 % )  and higher  energ ies  
10 - 500 MeV (-23%). These con t r ibu t ions  a r e  c a l c u l a t e d  normalizing t h e  
spectrum of Newkirk ( r e f .  21) i n  t h e  0 . 1  - 1 MeV range a n s t h e  spectrum 
obta ined  by J. W .  Wilson i n  t h e  high energy range (E -lV2) t o  t h e  measured 
f l u x  and spectrum between 1 and 10 MeV. To t h e  t o t a l  spectrum a r e  app l i ed  
t h e  f l u  t o  dose conversion f a c t o r s  u-p t o  60 MeV of D . C .  I r v i n g ,  R. G .  
Alsmi l le r  a,nd H. S, Moran ( r e f .  18)  and W. E .  Kinney and C .  D. Zerby up t o  
400 MeV ( r e f .  1 7 ) ,  

The component ( c )  o r  d i f f e r e n c e  of rem and r a d  dose f o r  s t a r s  was der ived  
from measurements a t  d i f f e r e n t  a l t i t u d e s  i n  t i s s u e  equiva len t  emulsions and 
c a l c u l a t i o n s  of P. J. N. Davison ( r e f .  1 5 ,  "Star  damage e n e r g y u ) .  Since 
t h e  t o t a l  s t a r  damage energy (rem-rad dose)  con ta ins  a l s o  t h e  con t r ibu t ion  
of rieutron produced s t a r s ,  which i s  a l r eady  taken i n t o  account i n  ( b ) ,  f o r  
t h e  con t r ibu t ion  from charged p a r t i c l e s  t h e  f a c t o r  112 i s  app l i ed  a t  high 
a l t i t u d e s  (65,000 - 110,000 f t . )  and t h e  f a c t o r  113 a t  37,000 f t .  

%This exponent i s  approximately equa,l t o  t h e  exponent of t h e  spectrum of 
Hess, e t ,  a]., ( r e f ,  22) i n  t h e  energy range 10 - 400 MeV. 
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Figure 1. - Galac t i c  Cosmic Ray dose equiva len ts  f o r  ex t r emi t i e s  ( eyes,  
hands, . . . )  as  func t ion  of a l t i t u d e  a t  d i f f e r e n t  phases of t h e  s o l a r  cyc l e .  
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F igure  2 . -  Ga lac t i c  Cosmic Ray dose equivalen-ts for cen te r  of human body 
as function of a , i t i t ude  at d i fye ren t  pkia-ses of t h e  so1a.r c y c l e ,  



ri"r!e t o t a l  dose eq,ii?ialei-,i in F i g u r e  1 a s  f u ~ c t i o n  GC al . t . i t~rde ex l r i5 i t s  2 
p m k  a;b aboui; 68 ::iC!O ft , (50 -al.so f o r  t h e  Ga lac t i c  Cosmic Ray Maximum 
1965 (ahout  1 year a f t e r  Sunspot ~inirnlxn) , ~+~lxi~:'il i s  due t o  t h e  maximixn neu:trorr 
i ^ l ~ ~ x  a t  t h i s  a l t i t i i i l e  as neesure6 1:iith t h e  neutron spect,romcter ( s e e  App, 1.)- 
The peak i s  no t  present  i n  t h e  ion  chamber measurements ( r a d  dose)  f o r  1965, 
- 
11; may furthermore be noted ,  t h a t  t h e  iieii.t;ron damage dose (rem-rad) con t r ibu te s  
about 50% t o  t h e  tot,a,l dose equiva len t  i n  t h e s e  a , l t i t u d e s .  The t o t a l  dose 
equ-ivalent of neut rc rs  contribu.tes even more. 

r, i h e  average dose equiva len t  over t h e  s o l a r  cyc l e  i s  obtained by mul t ip ly ing  
t h o s e  f o r  1965, 1967? and 1968, by 3, 4 ,  and 4 y e a r s ,  r e s p e c t i v e l y ,  and 3 iv id-  
i n g  by 11 Ye2irs- A t  65,000 f i t o  an m e r a g e  dose equiva len t  over t h e  s o l a r  cyc le  

m rem 
of  1.3- ( e x t r e m i t i e s )  i s  ob ta ined .  This va lue  i s  considered r e p r e s e n t a t i v e  

h r  
f o r  ex t r emi t i e s  l i k e  hands, l e g s ,  and eyes .  A small  specimen of t i s s u e  o r  t h i n .  
l a y e r  was considered i n  t h e  calcu. la t ions ( f i r s t  c o l l i s i o n  dose ) .  

I n  f i g u r e  2 ,  t h e  dose equiva len t  i n  t h e  c e n t e r  of a  s p h e r i c a l  body phantom 
i s  c a l c u l a t e d  on t h e  b a s i s  of bal loon measurement with n-spectrometer and ion  
chamber i n s i d e  t i s s u e  equiva len t  phantoms ( s p h e r i c a l  s h e l l  of 15  g/cm2 wa l l  
t h i ckness  of t i s s u e  equiva len t  m a t e r i a l ) .  The spectrum of neutrons 1 - 1 0  MeV 
was found s i g n i f i c a n t l y  f l a t t e r  w i th in  t h e  phantom (E-Oe96) and t h e  f l u x  
( E  - 1 - 10 Me~) reduced ,  due t o  t h e  moderating e f f e c t  of t h e  hydrogen contain-  
i n g  m a t e r i a l .  The ion  chamber values a s  func t ion  of a l t i t u d e  were e s s e n t i a l l y  
unchanged. I n  extending t h e  spectrum t o  0 . 1  MeV wi th  t h e  f l a t t e r  spectrum and 

from 10 - 500 MeV with E  
-1.2 

a s  be fo re ,  because neutrons E  > 10 MeV a r e  l e s s  
m rem 

slowed down a t  high ene rg i e s ,  t h e  average va,lue : 1 . 1 5  ------- i n  t h e  cen te r  of 
h r  

of  t h e  body phantom i s  ob ta ined .  The dose equiva len t  i n  t h e  c e n t e r  of t h e  
body phantom c a l c u l a t e d  us ing  t h e  neutron spectrum measured ou t s ide  t h e  phantom 
wi th  t h e  average f l u x  t o  dose conversion f a c t o r s  ( r e f s .  17  and 1 8 )  y i e l d s  

m rem 
1 . 1 2  ---- i n  t h e  c e n t e r  of t h e  body phantom. 

h r  

The c i r c l e  symbols ( 0 )  i n  f i g u r e  2 a r e  t h e  average dose equiva len ts  i n  a 
30 cm t h i c k  t i s s u e  l a y e r  a s  func t ion  of a l t i t u d e  obtained by J. W. Wilson i n  
exposing t h i s  body phantom t o  t h e  nuc lear  cascade f i e l d  produced by t h e  Ga lac t i c  
pro ton  spectrum a t  s o l a r  minimum, i s o t r o p i c a l l y  i nc iden t  on t o p  of t h e  atmos- 
phe re ,  The agreement wi th  t h e  measwed dose curve f o r  Ga lac t i c  Cosmic Rays i s  
considered remarkable and an explana t ion  f o r  t h e  f l a t t e r  s lope  a t  low a l t i t u d e s  
may be found i n  t h e  f a c t  t h a t  40% of a l l  Galac t ic  nucleons a r e  contained i n  a 
and heavy p r imar i e s ,  which a r e  l e s s  p r o l i f i c  i n  product ion of ene rge t i c  pene t r a t -  
i n g  secondary nucleons. The a and heavy pr imar ies  a r e  taken  i n t o  account by 
a f a c t o r  1 . 4 ;  i . e . ,  60% of t h e i r  nu-cleons a r e  t r e a t e d  a s  f r e e  protons ( s e e  
d i scuss ion ,  appendix 11). 

Some samples of t h e  measurements of ene rge t i c  neutrons and t i s s u e  i o n i z a t i o n  
i n  bal loon f l i g h t s  i n  Fo r t  Churchil?. arte shown i n  Appendix I ,  The dose equiva- 
l e n t s  on t h e  l e f t  s c a l e  t ake  i n t o  eonsid.era,tion only neutrons 0 . 1  - 10  MeV and 
not 10 - 500 MeV. Furthermore t h e  s t a r s  produced by charged pa , r t ic les  i n  t i s s u e  
a r e  negiee-ted , 



Figure 3.- Comparison of extremity and center of body 
dose equivalents averaged over the solar cycle. 

In figure 3 the obtained average dose equivalents for extremities and 
center of body are compared. It may be noted that selfshielding of the body 
reduces the dose equivalent by only about 12% in SST altitudes, mainly due to 
moderation of neutrons. 

As result from these measurements is thus obtained that the internal body 
dose for the crew averaged over the solar cycle at 40 hours/month or 
10 hours/week in cruising altitude would be 

m rem m rem 
1.15 - x 10 = 11.5 - (~ala~ctic Cosmic Ray) 

hr week 

or roughly 12% of the Maximum Permissible Dose equivalent for radiation workers 
(100 m rem/week, see also fig. 6 and Table 11). 

If a maximum time of 640 hours/year at altitude - 12.3 hours/-\ireeli is 
assumed, the exposure of the crew would be 12% x 1.23 = 15% of the maximurn 
permissible dose for radiation workers, ~qhich is by a factor 1.5 above the 
dose allowed for individuals of the general popula,tion, 





111, Solar Dose Equivalents a s  Function of Al t i tude 

1, Dose equivalents during the  events of February 23, 1956, and 
November E , 1960, and comparison with previous estima,tes, 

Figure 4 shows energy spectra cha rac t e r i s t i c  f o r  high ( r e l a t i v i s t i c ) ,  
medium- and low energy events on t h e  ba s i s  of which t he  dose equivalents a s  
function of a l t i t u d e  i n  Figure 5 a r e  derived. 

PROTONS 
N(>E) 

[cm' sec sler].' 

Figure 4. - Integral - f  l ux  energy spectra of extreme so l a r  
events. The prompt spectra  of February 1956 were 
observed on d i f fe ren t  locat ions  during t h e  maximum phase 
of the  event i n  t h e  f i r s t  hours a f t e r  p a r t i c l e  f l u x  onset 
(composed from data c i t e d  i n  re f .  6 and re f .  7). The 
spectra  of the November 12-13 event a re  observed 5 (1840 F), 
10 (2330 UT), 27 (1603 UT) hours a f t e r  onset, r espec t ivew,  
(composed from data  c i t e d  i n  re f .  6) .  



The data on the  promptspectra  of February 1-956 a re  incomplete especia l ly  i n  
the  energy ranges <1 GeV, The f l u x  values depend a l s o  on the  Location of mea- 
surements. The p a r t i c l e s  a r r ived  i n  t he  ear ly  maximum phase % n t h  t h e i r  highest  
in tens i ty  i n  so-called impact zones, Two spectra,  "upper" and "lower" l i m i t  in 
f igure  4 which bracket t he  estimates of d i f fe ren t  authors, a r e  chosen f o r  the  
dose calcula t ions ,  During so l a r  cycle 19 (1954-1964) occurred one high energy 
event (February 1956); 3 medium energy events of extreme in t ens i t y  ( ~ u l y  16, 
1959; November I 2  and 15, 1960) and 3 low energy events ( ~ a ~  l2 ; July  10, 14, 
1959) of extreme in tens i ty .  

I n  f igure  5 t h e  dose equivalents calculated according t o  Appendix P I  a r e  
compared With e a r l i e r  estimates, reference 6 and reference 11, the  l a t t e r  based 
on reference 9 i n  which nuclear co l l i s i ons  or  high energy primary and secondary 
nuclions (>450 M ~ v ) ,  respectively,  have been t r ea t ed  a s  450 MeV pa r t i c l e s .  

Dose rate, 
m-rad (m-rem) 

hr 

_--- - Feb.23,1956 Upper limit 

, - Feb. 23, 1956 Lower limit 

,- Measured Galodic Cosmic Rays 

at  Solar Minimum 

-m-rem dose rate 

Solor maximum 
------ m-rod dose rote 

-- m- rod dose rote 

(Negleting nuclear 
collisions, ref 6 )  

g/cm2 

Atmospher~c deplh 

Figure 5.- Dose r a t e s  during t h e  l a rge  so l a r  events of February 23, 
1956 (maximum phase), and November 12, 1960, a t  1840, 2330, and 
1603 ( ~ o v .  13) universal  time. 

It may be noted i n  f igure  5, t h a t  the  biological  e f fec t ive  components (dose 
equivalent) penetrate t o  considerably greater  atmospheric depths than previously 



estimated, Yhis i s  i n  large  p a r t  d-u-e t o  t he  energetic neutrons by 
high energy primaries and secondaries) Vhich migrate f r e e l y  deep i n t o  the  
atmosphere suffer ing occasional. nuclear in teract ions ,  while t he  charged primary 
and seconda-ry p a r t i c l e s  a r e  slowed down by ionizat ion (a  de ta i l ed  discussion i s  
given i n  Appendix 11). Furthermore, t he  dose equivalents i n  65,000 f e e t  a r e  
actually. by a'uout a fac to r  2 higher than estima.ted previously, i n  p a r t i c u a r  
f o r  the  February 1936 event. The lower curves on ga lac t ic  cosmic rays a r e  cal-  
culated according t o  Appendix 11 from ga lac t ic  cosmic protons only ( so l a r  
maximum and minimum spectrum). From t h e  comparison with t he  measured curve it 
may be concluded, tha t  the  calcula t ions  do not produce too high dose equivalents 
and reproduce t he  bu i ld  up of secondaries r e a l i s t i c a l l y   iscu cuss ion App. 11). 

2. Exposure of the  Crew from Solar Cosmic Rays 

I n  f igure  6 t he  dose equivalent received by a hypothetical  crew during 
so la r  cycle 19 divided by 4800 f l i g h t  hours i n  a l t i t u d e  i s  p lot ted.  It i s  
assumed i n  t he  computation t h a t  most major events of cycle 19 would have been 
encountered 2-4 times f o r  1 hour. The f igure  4800 i s  t he  an t ic ipa ted  number 
of f l i g h t  hours i n  cruis ing a l t i t u d e  i n  10 years,  which would accumulate, i f  
the  usual  schedule of 80 f l i g h t  hours per  month i s  maintained and 40 hours/month 
a r e  spent i n  cruis ing a l t i t ude .  The obtained f igure  represents t he  average dose 
from so la r  cosmic rays per  f l i g h t  hour i n  a l t i t ude .  

Galactic cosmic rays  All major  events including 
solar  cycle average 

All major  events except Feb. 23, 1956 

mete r s  

1 1 1 1  l  I  I  I  I  1 1 1 1  1 1 1  I I  I  1 1 1 1 1  I  I  I  I  I 
lo3 lo2 lo1 lo0 

g/cm2 
Atnlospheric depth 

Figure 6.- Average dose equivalent from Solar Cosmic Rays received by 
the  crew having encountered the  major events of cycle 19, i n  corn-- 
parison t o  Galactic Cosmic Ray dose equivalent, 



Figure 6 indicates  t ha t  the  ma.jor so la r  events of cycle 19 except February 1936 
contribute only 1/3 t o  1/14 t o  the  t o t a l  average dose r a t e  of 0 , lh  t o  
0,65 rn rem/hr a t  65,000 f e e t  a l t i t u d e  (dependent on choice of lower or  upper 
l i m i t  of t he  February 1956 spectrum), 

I n  addi t ion t o  t h e  Solar Cosmic Ray dose r a t e  f o r  cycle 19, t he  average 
dose per  f l i g h t  hour i n  a l t i t u d e  from Galactic Cosmic Rays i s  indicated i n  
f i gu re  6. It appears t h a t  t he  exposure from Solar Cosmic Rays during the  
highly ac t i ve  cycle 19 would have been lower by a f ac to r  of 1.7 t o  7 (dependent 
on choice of lower or upper l i m i t  f o r  February 1956) than the  exposure from 
Gal. C,R.  over t he  so la r  cycle. 

The Solar Cosmic Ray contribution may increase by maximum 0.05 m rem per  
a l t i t u d e  hour, i f  t he  more frequent events of moderate i n t ens i t y  of cycle 19 
(as  those of high and medium energy of September 3, 1960, and August 12 and 18, 
respectively) are added, which penetrate deeper than previously assumed. 
Obviously, t h i s  would not change the  conclusion, t h a t  t he  contribution from a l l  
so l a r  events i s  smaller than t h a t  from Galactic Cosmic Rays. 

3. Exposure of passengers from Solar Cosmic Rays 

The maximum exposure of passengers t o  Solar Cosmic Rays would have been 
t h e  same a s  t h a t  f o r  the  crew, i f  t h e  t r a v e l l e r  would have commuted with t he  
same frequency a s  the  crew on the  same high l a t i t u d e  routes. In  ten  years  of 
cycle 19 the  exposure would have been 0.65 x 4800 = 3.1 rem; t h a t  i s ,  s t i l l  
only 0.31 remIyear or  60 percent of t he  Maximum Permissible Dose r a t e  f o r  the  
general  population of 0.5 rem/year. Since t he  ga lac t ic  cosmic ray dose equiva- 
Zen% has t o  be added, t h e  t r a v e l l e r  would belong t o  the  category of rad ia t ion  
workers a s  t he  crew. This i s  considered of no genetic o r  somatic significance,  
i f  the  dose i s  evenly d i s t r ibu ted  over t h i s  period. 

The concern might be centered on t he  f a c t ,  t h a t  t h e  main p a r t  of t he  
exposure would have occurred i n  a very shor t  time, t h a t  i s  i n  the  1 t o  2 hours 
of passage through the  maximum phase of t he  February 1956 event, As seen i n  
f igure  5 t h e  t o t a l  body dose equivalent would have been about 0.5 - 3 rem/hr. 
Such exposure without reason may be considered not permissible f o r  pregnant 
occupants because of the  probabi l i ty  of damage i n  the  ea r ly  stages of 
development. 

The effect iveness  of evasion measures a s  descent t o  lower a l t i t u d e  i n  case 
a high energy event a s  t h a t  of February 1956 i s  encountered might be considered. 

Figure 5 indicates ,  t he  dose equivalent a t  descent from 65,000 t o  
30,000 f e e t  decreases a s  follows: 



A L t i  tude 

Dose equivalent i n  
r em/hr 

Upper Limit Feb. 56 
Lower limit Feb. 56 

The descent t o  50,000 f e e t  would reduce t he  dose r a t e  by a f ac to r  of about 2 
only; f o r  30,000 f e e t  t h i s  f ac to r  i s  6.5 or  11, respectively.  





IV, Comparison of - exposure - - of crew and passengers inferred. f o r  so l a r  cycle 19 

In  Table I the  Maximua Permissible Dose Eq~iiva,lents f o r  radia.tion workers 
and individuals of t he  general population may be recal led,  

I n  Table I1 the  dose equivalents produced by Galactic Cosmic Rays and 
Solar Cosmic Rays averaged over so la r  cycle 19 i n  high l a t i t udes  and SST 
a l t i t ude ,  a s  presented before a re  summarized and expressed i n  percent of WD's. 
For the  February 1956 so la r  event the  upper l i m i t  of calcu-lated dose r a t e  of 
3 rem/hr i s  assumed i n  t h e  t ab le  and an encounter f o r  1 hour. The energy 
spectra during t he  maximum phase of t h i s  event a r e  not suf f ic ien t ly  known and 
the  dose r a t e  may have been only 113 o r  l e s s  of t h i s  value. On the  other  hand, 
without evation measures the  encounter may have l a s t ed  f o r  several  hours. 

Since the  exposure of the crew would have been only 9 0 %  of the  MPD f o r  
radia t ion workers with regard t o  exposure of t he  male crew there i s  no i n t e r -  
ference with the  recommendation of the  ICRP; even the  exposure i s  higher than 
ac tua l  exposure f o r  9% of the  radia t ion workers i n  the  nuclear industry 
( r e f .  23) .  

Attention must be given t o  the  f a c t  t h a t  the  by f a r  l a rges t  p a r t  of the  
contribution of so l a r  cosmic rays i s  due t o  one giant  event and would be accum- 
ula ted i n  a very short  time; t h a t  i s ,  i n  about 1-2 hours. A t o t a l  body dose 
of 0.5 - 3 rem/hr a s  a t  February 23, 1956, should not be permissible f o r  preg- 
nant occupants and even children. Besides due t o  probable development damage 
i n  t h i s  case the  pos s ib i l i t y  of such exposure by solar  cosmic rays could lead 
t o  forensic  consequencies, i f  no protect ive  measures o r  proof i s  provided, t h a t  
the  exposure did  not surpass accepted l eve l s ,  

It may be emphasized t h a t  only one such intense,  high energy event occurred 

during the  1Ck years  of cycle 19. Events comparable i n  energy, apparently of 
2 

lower i n t ens i t y  occurred since t h e i r  discovery i n  1942, i n  1946, and 1949 (data ,  
see r e f .  6 ) .  Since the  present cycle seems l e s s  ac t ive  than cycle 19 no such 
event as  February 1956 may encounter t he  ea r th  u n t i l  1975 o r  even through the  
next decades. On the  other hand, the  pos s ib i l i t y  of an event of even l a rge r  
s i z e  can not be excluded, even though it i s  considered t o  occur by an order of 
magnitude l e s s  frequent,  



TABLE 1 

M,P. D. !S (ILIIAX, PERM~SSIBLE DOSES) 

RADIATION WORKERS & POPULATION 

I Type of exposure 

Radiation worker: 
( a )  Whole body, head and 

trunk, ac t ive  blood 
forming organs, 
gonads, o r  lens  of 

eye 

(b)  Bone 

Population : 
( a )  Individual 

/ (b) Average 

Accumulated dose 5 times number of years 
beyond age 18 

5 rem 100 mrem - 15 mrem - 0.625 mrem - - 
week day hour 

Body burden 0 . 1  microgram of radium 
226 or  i t s  b io logica l  
equivalent 

Year 0.5 (whole body) 

30 years 

AVERAGE DOSES OVER SOLAR CYCLE 19 I N  65,000 Fl? ALTITUDE, 

MAXIMUM VALUES (MAGNETIC LATITUDES >55') 

CREW : EXPOSURE 
Galactic C.R, %l. 2 m-r em/hr . 

Solar C. R. 

(withoutprecau.tions) W.7m-rem/hr. 

1 . 9  m-r  em/hr . 
a t  10 hours/~,reek f l i g h t  du-ty i.n SST a l t i t ude  

l 9  m-remlvreek = 1% of MPD for  rad ia t ion  workers ( 5  rernlyear) 

PASSENGERS : EXPOSURE 
Galactic C . R .  

A t  one round t r i p  per year Negligible 
A t  1/10 the  f l i g h t  time of 

the ere  r " 4 f l i g h t s  
per monk& 

Only few individuals - - - - - - - - - - - - - - - - - 

Solar C.R. I 
Without evasion measures Itax. : 0.5  - 3.5 rem i n  1 0 ~ ~ k 0 . 5 - 3 . 5  rem/l0 yrs. 

on February 23, 1956 ("&O- 50% of MPD for  10 17s. (10- 67% MPD/l0 yrs ,  ) 
rr? a few hours) 

I\Iin. ; " 0 Yl 
- 

W-3.6 rem/10 yrs. 
(W-75% of MPD 10/yrs: 



High Latitudes Relevant t o  Commercial SST-Operations, 

Galactic Cosmic Ray dose equivalents i n  high l a t i t udes  and i n  the  a l t i t u d e  
range 200 - 30 mb (39 - 68,000 f t ,  13 - 2 1  km) are estimated on t he  bas i s  of 
energetic neutron, t i s sue  ionizat ion,  and s t a r  measurements. These former mea- 
surements were made from 1965-68 during the  f i r s t  4 years of so l a r  modulation of 
t he  new cycle. By extrapolating t o  t he  e n t i r e  so la r  cycle, i n  SST - a l t i t udes  
(65,000 f t .  ) and magnetic l a t i t u d e s  %oO - an average of 1.2 mrem/hr i s  
obtained. A t  10 hourslweek i n  cruis ing a l t i t ude ,  the  exposure of the  crew 
would be i n  the  average 12% of the  MPD f o r  radia t ion workers, on high l a t i t u d e  
routes.  I n  l a t i t udes  below h g n  = 40' it would be about 112 o r  l e s s .  I f  
o ther  than Galactic Cosmic Radiations (e.g. Solar Cosmic ~ a d i a t i o n s )  can be 
avoided there  i s  seen no in terference with the  ICRF' regulations f o r  radia t ion 
workers a l s o  not f o r  stewardesses or  pregnant occupants, except f o r  t he  e f f ec t s  
of heavy primaries or  energetic heavy ions, which a r e  estimated p r ac t i c a l l y  
negl igible  i n  these a l t i t udes  by experts  ( re f .  , H. Schaefer). The same author 
emphasizes, t h a t  the  exposure of 12% of t h e  crew due t o  Galactic Cosmic Rays i s  
s t i l l  more than the  ac tua l  exposure f o r  90% of the  Radiation workers i n  U.S.A. 
who receive l e s s  than 10% of t he  MPD. 

Measurements during Sol. C.R. events of t h e  neutron component succeeded 
only i n  one case (during t he  l a t e  phase of t he  low energy and i n t ens i t y  event 
Nov. 18, 1968). Several years w i l l  be needed, because of the  g rea t  va r ie ty  of 
spectra  which were observed and low frequency of s ign i f ican t  events, t o  check 
t he  dose est imates f o r  e a r l i e r  observed giant  and major events experimentally. 

To improve ear ly  and rough estimates f o r  high energy events such a s  t h e  
February 23, 1956 event, which a r e  considered the  only events of s ignif icance 
f o r  commercial SST-flights, a Monte Carlo code was developed which allows t o  
ca lcu la te  t he  nuclear cascade development produced by primary protons up t o  
10 GeV. Although these calcula t ions  do not lead t o  new conclusions, they con- 
f i rm e a r l i e r  estimates on the  high s ide  and bring t o  l i g h t  t he  energetic sec- 
ondary neutrons a s  the  p r inc ipa l  producer of fu r ther  secondaries and c a r r i e r  of 
the  b io log ica l  dose deep i n t o  t h e  atmosphere, especia l ly  f o r  Solar Cosmic Rays. 

Relevant conclusions are :  

1. I n  the  ear ly  phase of the  February 1956 event 0.5 - 3 rem/hr would have 
been encountered i n  high l a t i t udes ,  and i n  t he  pa r t  of the  fuselage not pro- 
t e c t ed  by f u e l  i n  the  wings by a f ac to r  -1.5 more, A l l  other extreme events of 
the  highly act ive  cycle 19 produced only doses of U O  t o  max 50 mrem/hr and 
a re  considered a s  of no significance f o r  commercial SST-flights. 

2. Evasion measures a s  descent t o  40,000 or 30,000 f e e t  would have reduced 
the  dose r a t e  i n  case of February 1956 by a f ac to r  of a t  l e a s t  3 and 6.5, 
respectively,  



Such high energy events of large  in tensi%y a re  veary ra re ,  about l to 2 
per l1 year so la r  cycle as so f a r  observed since 1942. The observed giant  events 
i n  previous so l a r  cycles were probably of lower in tens i ty  than the  February 1956 
event. On the  other  hand, events of even higher in tens i ty  t h m  the  Februaqy 
1956 event can not be excluded, although they should be even l e s s  frequent. Any 
events with considerable in tens i ty  i n  t h e  multi-GeV range a r e  not considered 
negligible,  because of implications f o r  pregnant occupants. 

Evasion measures a s  descent t o  subsonic a l t i t u d e  using the  considerable 
th icker  a i r  l ayer  above the  a i rplane a s  sh ie ld  (> 200 g/cm2), appear a s  an 
e f fec t ive  means t o  avoid or minimize implications on high l a t i t u d e  routes.  On 
equator ia l  routes t he  exposure i s e s t i m a t e d  t o  be negligible.  

As implemented by the  B r i t i s h  and French Minis t r ies  of Aviation f o r  t h e  
Concord and considered by FAA, onboard instruments which ind ica te  t he  dose 
equivalent including t h a t  of energetic neutrons would not only ind ica te  act ion 
levels ,  they might be seen a l s o  a s  an adequate means t o  avoid cost ly  and unnec- 
essary evation measures a t  f a l s e  alarms. Solar forecast  and monitoring centers 
on the  ground cannot, a t  t h i s  time, p red ic t  t h e  energy spectra of so l a r  events 
o r  the energetic events, which a re  of s ignif icance f o r  t he  SST. These are  only 
very few under r e l a t i ve ly  frequent, however, ins ign i f ican t  low and medium 
energy events ( i n  so l a r  cycle 19 about 60) .  Because of the  d i f f i c u l t y  i n  fore- 
cas t ing so la r  p a r t i c l e  events, many more f a l s e  alarms might be given. Measure- 
ments on the  ground or  i n  s a t e l l i t e s  would a l s o  not necessari ly allow t o  derive 
the  r i g h t  dose values a t  the location of t h e  SST, since i n  the  ea r ly  most 
important phase of t he  energetic events, t he  p a r t i c l e  f l u x  i s  mainly l imi ted  t o  
impact zones. Forecast centers w i l l  of course be able  t o  consult i f  an event 
i s  already i n  progress before take o f f .  

The onboard i n s t m e r r t s  may a l so  be considered a s  a means t o  void unjust i -  
f i e d  claims, i n  providing proof, t h a t  the  exposure did  not surpass accepted 
levels .  

Without evasion measures the  dose equivalent from both the  ga l ac t i c  and 
so la r  cosmic rays f o r  t h e  crew would have been +?o$ of the  MPD f o r  radia t ion 
workers (5 rernlyear), f o r  so la r  cycle 19 on high l a t i t u d e  routes. Avoiding 
the  February 1956 event, t he  exposure i s  estimated t o  have been i n  t he  order 
of 13$, which i s  close t o  the  MPD f o r  individuals of the  general population 
(0.5 remIyear). The l a t t e r  percentages var ies  proportionally i f  i n  t he  average 
more or l e s s  than LO crew hourslweek i n  cruis ing a l t i t ude  a re  assigned. 

It i s  intended t o  continue the  measuring program of NASA not only t o  con- 
firm the  t heo re t i c a l  ca lcula t ions  on so l a r  events, but a l so  t o  inves t iga te  other 
radia t ions ,  a s  suspected energetic neutron from the  sun, and r e l a t i v i s t i c  elec- 
t ron events (REP ' s )  and Aurora. 

The above considerations and conclusions a r e  those of the  authors, on t he  
basis  of l imi ted knowledge on possible new assessments of the  biological  
effectiveness of t he  radia t ion components involved. 





APPENDIX I 

GALACTIC COSMIC RAYS 
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Figure  7 . -  Ga lac t i c  Cosmic Ray maximm 1965 (one year  a f t e r  sunspot 
minimum). Neutron f luxes  ( r i g h t  s c a l e )  and equiva len t  dose r a t e s  i n  
high l a t i t u d e s  ( ~ o r t  Church i l l  A 

magn = 6 9 O )  a s  func t ion  of a l t i t u d e .  

The equ iva l en t  dose r a t e  i s  composed of two p a r t s :  t h e  i o n i z a t i o n  
dose r a t e  measured i n  a  ion  chamber i n  m rad/hr  and t h e  neutron equiva len t  
dose r a t e .  The l a t t e r  i s  obtained by ex t r apo la t ing  the  n- f lux  (E > 1 ~ e v )  
and spectrum 1 - 10 Mev measured i n  t h e  n-spectrometer t o  lower energ ies  

2 (2 0 . 1  Mev) us ing  t h e  s p e c t r a l  shape r e f .  a ,  f i g .  6, 50 g/cm atmospheric 
depths and mul t ip ly ing  t h e  obta ined  energy-dependent f l uxes  wi th  t h e  

"H.  W .  Pa t te rson ,  W .  N .  I-iess, 13.  J. Moyer, and R e  W .  Wallace, Health 
Physics 2, 69 ( 1 ~ 9 ) ~  and R. W. Wallace pe r sona l  communication, 



f l u x  t o  dose conversion and RBE f a c t o r s  f o r  monoenergetic neutrons given 
by W. S . Synder and 5. ~ e u f e l d  .* Using t h e  s p e c t r a l  shape f o r  60, 40, 

2 
20 g/cm atrnospheric depths given by W.  EI*  Hess, E, 13. Canfield,  and 
R. E. Lingenfe l te r ,  ( G .  R. Vol. 66, March 1961, pp, 666, E'ig. 1) r e s u l t s  
i n  only a  7 percent  lower combined dose r a t e  equ iva l en t .  The t h e o r e t i c a l  
e s t ima te s  of t h e  abso lu t e  values of neutron f l u x e s  g r e a t e r  than  1 Mev 
d i f f e r  s u b s t a n t i a l l y  from these  measured va 'hes .  

A s  combined dose equiva len t  one ob ta ins  1.5 m rem/hr i n  SST a l t i t u d e s  
which i s  w i th in  t h e  e r r o r  l i m i t s  i n  agreement w i t h  t h e  va lue  i n  f i g u r e  1 
if t h e  damage dose of  high energy neutrons (E  > 1 0  M ~ V )  and charged p a r t i c l e  
produced s t a r s  a r e  sub t r ac t ed .  

*U.S . Department of Commerce, Handbook 63 "Pro tec t ion  Against Neutron 
Radiat ion Up t o  30 Mil l ion  Elec t ron  Volts",  Nov. 1957, Page 7, F i g .  I .  
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Figure 8.  - Galact ic  Cosmic Ray Maximum, (~ep tember  1965) , as  i n  
Figure 7 .  Neutron f l u x  g rea te r  than 1 Mev and equivalent  dose r a t e  
(1on chamber rad dose + n-equivalent) above Minnesota a t  l k O  lower 
magnetic l a t i t u d e  (A = 55') . The combined equivalent  dose r a t e  

ma gn - 

i n  72,000 f e e t  (22 km) a l t i t u d e  i s  reduced by 27 percent  a t  t h i s  lower 
magnetic l a t i t u d e .  The neutron equivalent  i s  nea r ly  t h e  same a s  i n  
Figure 7 .  The decrease i s  mainlx due t o  t h e  decrease of charged 
p a r t i c l e s  (1on chamber). 



GALACTIC COShllC RAYS 
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Figure  9. - G a l a c t i c  Cosmic Ray Maximum (1965 ) . Minnesota (A 
magn = 5 5 O )  * 

I n  t h e  f l i g h t s ,  F ' gu res  7 and 8, t h e  sensors  were only l i g h t l y  sh i e lded  
( l e s s  t h a n  1 g/cm3 F ibe rg l a s  and foam). I n s t h i s  f l i g h t  t h e  senso r s  
a r e  surrounded by t i s s u e  equiva len t  m a t e r i a l  ( i nc lud ing  calcium) of 
about 13 g/cm2 th i ckness ,  measuring approximately t h e  f l u x e s  and doses  
i n  t h e  cen te r  of t h e  human body. 

The combined dose equiva len t  w i th in  t h e  phantom i s  on ly  25 pe rcen t  
lower t h a n  w i t h i n  l i g h t  s h i e l d i n g .  The ion  chamber dose remains n e a r l y  
the  same. The f l u x  of  t h e  b i o l o g i c a l l y  important ene rge t i c  neut rons  i s  
reduced by  t h e  moderating e f f e c t  of t h e  hydrogen-containing phantom, 
which supersedes t h e  neutron product ion i n  calcium and o the r  elements of 
mass numbers > 1, The neutron spectrum was found t o  be f l a t t e r  than  
without phantom. 



G A L A C l i C  COSMIC RAYS 
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Figure 10 . -  Ga lac t i c  Cosmic Rays ( ~ u l ~  1967) 2 yea r s  a f t e r  
Ga lac t i c  Cosmic Ray Plaximwn, F o r t  Church i l l  ()i nla gn = 690) ; compare 
t o  Figure 7. 

The equ iva l en t  dose r a t e  measured i n  l i g j i t i y  sh ie lded  sensors  
i s  decreas ing  w i t h  inc reas ing  s o l a r  ac t j -v i ty ,  i .e . decreasing 
Ga lac t i c  Cosmic Ray i n t e n s i t y *  The dose r a t e  equiva len t  decreased 
by 40 percent  i n  t h e  2 years  s ince  1965 (1*5 m rem/hr) t o  0 . 9  m rem/hr. 
The decrease i s  mainly due t o  decrease i n  d j - rec t  ionizi-ng p a r t i c i e s  
(1on chamber), t he  decrease i n  neutrons i s  only 27 pe rcen i .  



ks tkLe main r e s u l t s  o r  these measurements arre considered t h e  

ebsolu.te values of  e n e r g e t i c  neutron f l u e s  which were coiisiderab ly' 
i n  doubt, and the  slower decrease of tl7.e neu'tron equ iva l en t  wi-th 
l a t i t u d e  and a l t i t u d e  than  t h a t  of  t h e  Ion chamber dose r a t e  
p,-oduced by charged. p a r t i c l e s .  An upper - l i - init  f o r  t h e  combinecl dose 
equiva len t  appears t o  be a.pproximately 1 -5  m rerfl/hr "0 percent ,  no t  
accountjng f o r  changes prod-uced by t h e  SST a i r p l a n e s  masses (k 300 T) 
and s h i e l d i n g .  

Besides wi th  B-707 i n  subsonic a l t i t u d e s  dur ing  t h e  e a r t h  o r b j t i n g  
f l i g h t  over  both po le s  i n  November 1965, l a t i t u d e  scans were made w i t h  
U - I 1  in 1967 and wi th  B-57F i n  1968 i n  supersonic a l t i t u d e s .  A t  
bal loon f l i g h t s  f l o a t i n g  f o r  13-24 hours i n  SST a l t i t u d e s  l a r g e  nuc lear  
emulsion packages were ca r r j ed ,  Tn which heavy primary t h i n  down h i t s  
a r e  recorded,  The r e s u l t s  w i l l  be given a t  a l a t e r  d a t e .  



Ti-ansport and Dose Fcy~.iva,%erat. C~Lc1ila-k i on for Yr_irr,ary Protons 

Up t o  CLO GeV Energy Pene"crttin.g Tlxough. the Atmosphere 

By John W, Wj.lson 

INTRODUCTION 

Measurements of t h e  b io log ica l ly  e f f e c t i v e  r a d i a t i o n  components produced 
by t h e  g a l a c t i c  cosmic rays wi th in  t h e  atmosphere, from which equivalent  doses 
a re  ca lcula ted ,  a r e  presented i n  Section I T .  The corresponding data  f o r  s o l a r  
cosmic rays  a r e  scant and only reasonable est imates of t h e  primary p a r t i c l e  
f l u  spec t ra  a r e  known f o r  a dozen o r  so such events.  Thus, f o r  t h e  energe t i c  
s o l a r  proton events which have occurred over t h e  l a s t  two s o l a r  cycles,  one 
must r e l y  on t r anspor t  ca lcula t ions  t o  determine f l u  spect ra  of t h e  var ious  
components (e ,g . ,  p, n, fiJr, so, 7(-, 7 . . .) i n  order  t h a t  dose es t imates  can 
be made, 

Dose equivalent  est imates using t r anspor t  ca lcula t ions  with nuclear  in ter -  
ac t ions  have been made since 1962 i n  Shielding s tud ies  by Kinney, Alsmil ler ,  
I rv ing,  and Moran ( r e f s ,  24, 25, and 26) and with spec ia l  appl ica t ion t o  SST by 
Cur t is  (1965, r e f ,  7) and Leimdorfer e t  a l ,  (1966, r e f .  9)- These ca lcu la t ions  
a re  uncertain f o r  high energy events s ince  the  cross  sec t ions  a t  t h a t  time were 
lino~m only t o  about 4-50 MeV, I n  addi t ion  t o  t h i s  l imi ta t ion ,  t h e  ca lcu la t ions  
of Cur t i s  used t h e  straight-ahead approximation and considered only t o  t h e  f i r s t  
generation of p a r t i c l e s .  The considerat ion of f i r s t  generation only will be 
questionably adequate a f t e r  two mean f r e e  paths.  For i so t rop ic  incidence, t h e  
angle-averaged mean f r e e  path i s  only 35 g,m/cm2 which i s  wel l  above SST a,btitudes, 
For ins tance ,  t h e  w e l l  known neutron maximum i s  formed from neutrons which a re  
two and th ree  generat ions removed from t h e  high energy primary r a d i a t i o n  i n c i -  
dent on top  of t h e  atmosphere, 

The Transport Code 

The t r anspor t  code i s  a s e t  of computer p rogrms  wr i t t en  f o r  t h e  
CDC-6600 computer, These programs record t h e  histoxy of each incident  p a r t i c l e  
and i t s  progeny u n t i l  they a r e  stopped-, absorbed, or thermalized, An ana lys i s  
program then reads the  h i s to ry  tapes  and corepiles s t a t i s t i c s  on t h e  f a t e  of 
each generat ion of p a r t i c l e s ,  For example, the  s t a t i s t i c s  compiled f o r  t h i s  
study a r e  neutron and proton d i f f e r e n t i a l  flux spect ra  a t  various a l t i t u d e s ,  

The t r anspor t  program f o r  energies below LOO MeV was wri t t en  hy 
Leimdorfer e t  a l e  and i s  described i n  reference 27, ThLs prograx w a s  extended 
t o  the  GeV range by NASA-E~angLey personnel,  The bas ic  s"c~tc lure of t h e  program 
1s the same as t h a t  in reference 27 w l t ? ~  aILowsnce for the  Gransport  of pions ,  



ipilc hi g'n_ energy nuclear  i nte-i;a,etiofi d.aJ~s was "i.a!,sen fro111 Bex-t i j~: '~  ( l.96~~ 
r.ef, 28j, This reference co1.1-i;a,?ns data f o r  protons o f  ineitien-t energies of ij, ' ~ 5 ~  
:L.: a n d  2 GeV anii for neu-l;r:)ns o:? inctrlcier .;li, -" energy- of i GeV 011 t.12e elements 
9x6 P - &"J:%7, ~$07- The f o r  jr;;entroi_is a t  energi.es .of G. 75s la aiid 2 (;ei; 
or! (;16 i s  i%ow?_d. i'rorn -the proton data by exax-t ~ ~ ( 2 1  symmetry and on &!?'i by an 
approxiria.T,e S T U ( ~ )  scheme, The cross  sec t ions ,  rrmltiplicrlties, energy-angle 
d is t r ibut i .ons  foimd i'or neutrons by mi-ng S U ( ~ )  agreed t o  within l O  percent  
with the  neutron da ta  of reference 28 a t  l GeV. This allowed us not only t o  
complete t h e  i n t e r a c t i o n  data  i'or neutrons t o  2 GeV butaaLso showed t h a t  the  
Ber t in i  calc-c?.la"cons a r e  cons i s t en t  wi:th t h i s  bas ic  s p m e t r y  p r inc ip le  of s t rong 
i n t ~ r a c t i o n s ,  

The range of energy f o r  which nuclea.r i n t e r a c t i o n  da-ta i s  known (-2 GeV) 
i s  not suff ic ient  f o r  such events a s  t h a t  which occurred on February 23, 1956 
o r  f o r  ga,laetic cosmic rays ,  An examination of t h e  low energy neutron s p e c i f i c  
y i e l d  fvllctions ( r e f ,  29) ind ica tes  t h a t  the  energy dependence of t h e  primaries 
i n  the  GeV range only s l i g h t l y  a f f e c t s  the  secondary nucleon y i e l d s ,  Since t h e  
nucleon component was of prime i n t e r e s t  it was assumed t h a t  m u l t i p l i c i t i e s  and 
energy-angle d i s t r i b u t i o n s  (normalized t o  t h e  inc ident  energy) d id  not change 
from 2 through LO GeV, The pion-component will of course not be correc t  a t  
the  high energy end s ince  t h e  onset  of d i f f r a c t i o n  production i s  ignored, The 
pions a r e  assunied not t o  have nuclear  i n t e r a c t i o n s  s ince  t h e i r  mean f r e e  path  
t o  decay i s  much smaller than t h e i r  mean f r e e  path  t o  nuclear  in te rac t ion  a,t 
high a l t i t u d e s ,  

The Atmosphere Model 

The model used f o r  the  atmosphere was t h a t  of an i n f i n i t e  l a y e r  of a i r  of 
uniform density.  The r a d i a t i o n  was assumed t o  be isotropllc from the  upper 
hemisphere. The t r a n s p o r t w a s  done without the  presence of t i s s u e ,  Thus, it 
was assumed t h a t  t h e  t i s s u e  d i d  not  d i s tu rb  t h e  r a d i a t i o n  f i e l d  t o  any l a r g e  
degree, This seems reasonable s ince  the  penumbra e f f e c t  would completely over- 
c a s t  %he shadow of even an e n t i r e  a i rp lane .  The length of the  a i rp lane ,  -100 m, 
i s  small compared t o  the  mean f r e e  pa"c which i s  g r e a t e r  than 1 lon a t  SST 
a l t i t u d e s ,  

The model used- by Cur t i s  i s  not known. The model oI" Leimdorfer e t  a l ,  
was t o  represent  the  t i s s u e  a t  a l t i t u d e  by an i n f i n i t e  s l a b  of t i s s u e  of th ick-  
ness 30 gm,!cm2, 

The t r anspor t  ca lcu la t ions  were carried. out f o r  L;1,5OO protons uniformly 
d i s t r i b u t e d  over 25 inc ident  energy groups between O,b and LO GeV, The f i n a l  
p a r t i c l e  f l u  spec t ra  were conpiled from approxima-l;ely 4 mi l l ion  p a r t i c l e  events 
including a s  snany a s  L2 generat ions removed from t h e  incident  primaries,  

Dose Estimates 

The f l ux  spectra ob-ta,ined frm -the -transport ca?_cuta.tions was -i;ra,nscribed 
Lo dose us:i~rig current  i;o d.c>se conversion fae-Lars, The f a c t o r s  foi- protons were 



calcill_a.tsd bel_ow 60 MeV 5.c s~~.mi-i?_g fi0 m.i. -i.n-te.r.:ici,; ons, 'The d:% ha rc>r pyotoiis 
:P:cuni 60  t o  40(3 MeV was talien from. Turner e t  ax, (1-964, r e f ,  19), The r& dose 
con-version f ac toras  above 4 0 ~  MeV .wi-tli:>ut nu.el.ear i i l t e r a c t i o n s  were Poz;nd on- 
:;-tad tilid. were equal- t o  - the  :?ad dose con-\fersi.on o:T :.e-fersence 19 et li.()O MeVI- 
rem dose (equivalen-i  ) e o ~ ~ ~ r e r s i o a  a,bove 4-00 MeV itsas found by. us ing  t h e  av-erage 
Q.F nf 1*4 o f  Tul-ner e t  ai, cosrputed a,% Ltii0 MeV %ii.lij nuc lear  :i.n-teractions, The 
neut ron  curreni; t o  d-ose convessi.on f a c t o r s  were -taken from I r i i ing  e-t  a l e  (4_96'j, 
r e f ,  1 8 )  and. Minney and Zerby (1961C, r e f ,  171, AI.1 of t h e  above conversion :t'ac- 
t o r s  incFade t h e  nuc lear  star close equi-valent  from pro tons  and neut rons ,  

The dose equiva'lent due TO a l l  p a r t i c l e s  o the r  than nucleons ( e ,g . ;  p ions ,  
ellectrons, gammas) haTIe becn neglec ted ,  Thus, t h e  r a d  dose ohtaTfled w i 7 - 1  be  
t o o  Low by p o s s i b u  20 t o  30 p e r c e n t ,  The rem close i s  n o t  g r e a t l y  sffecteed due 
"c t h e  Low bio logica , l  importance of t hese  o t h e r  sources of  r a d i a t i o n ,  

DISCUSSION 

As i s  t h e  case w i t h  a,ny ca , lcu~la t ion  based on a .tbeo:retical model, one i s  
f aced  wi th  t h e  ul t ima-te  t a s k  of eva lua t ing  t h e  e s sen t i a , l  v a l i d i t y  of "ce call- 
c u l a t i o n s  . The u l t ima te  conr"i.mation of  t h e  -tra,nsport c a l c u l a t i o n s  l i e s  i n  t h e  
col-npaxison w i t h  experimental  measuremen-t, The onlq such comparison t o  be  made 
a t  "cis t ime i s  a.rrith t h e  dose measurements f o r  g a l a c t i c  cosmic r a y s ,  F i r s t  we 
sliaL1.. d i s cuss  t h e  l i m i t a t i o n s  of t h e s e  comparisons, 

The ga- lac t ic  cosmi.c r ays  a r e  corrrpused pri.ncipal_Ly of pro tons  and h-eavier 
n u c l e i  (most of which a r e  a's), Of a l l  nuc1eons i n c i d e n t  on t h e  t o p  of -!!l?e 
atmosphere, approxima,~tely 6 0 s  a r e  f r e e  pro'cons and. -the rema,ining 443% adre ne-utxons 
arid pro tons  i n  bound s t a t e s ,  The energy spec t r a  p e r  nucleon f o r  bo th  a r e  a'oout 
t h e  same and 8,pproxima-k e l  90% sf a l l  nucleons have ene rg i e s  l e s s  t han  l i j  GeV, 
The heavy n u c l e i  i r~cid.ent  on t o p  of  .the atulosphere Loose e l le ra -  t o  i o n i z a t i o n  
a t  a f a s t e r  r a t e  than  pro tons  due "c bo-th theis- l a r g e r  mass and g r e a t e r  cliarge, 
The nucleons arl.i.ving i n  b o ~ m d  s t a - t e s  cannot be a s  p r o l i f i c  i.n nuc3.ea-r in.te:r- 
acticins 8,s f r e e  nucleons, It appears  a l s o  reason8,ble -to a s s m e  tha"c;fragmer!%a- 
.ti-on occurs  t o  a, la , rger  e x t e n t  -in -the hea,vy-heavy i n t e r a c t i o n s ,  I n  0-ther words, 
the  d.ose con t r ibu ted  by t h e  heayy componenJc of t h e  g a l a c t i c  cosmtc r ays  i s  eon- 
f i n e d  maiirly Lo t h e  upper atmosphere, The c h a r a c t e r i s t i c s  -to be  expected from 
t h e  t r a n s p o r t  c a l c u l a t i o n s  f o r  ga l ac - t i c  pro tons  a r e  as f o l l o ~ ~ s :  (a)  t h e  close 
r a t e s  sh.ou1.d. form a maximula (especi.al:ly during so lax  m . ~ x i m u n )  a t  o r  abo-ve 
58 D/cm2 which i s  Largely cof nc iden t  w i t h  t h e  neutrorr maxin~~m, ('8) .the :ra"c;io 
of t h e  measured dose t o  t h e  dose calcul-a,ted f o r  g a l a c t i c  pro tons  shod-d  be l e s s  
th.a,n 1 - 6 6 ,  ( c )  t h i s  r a t i o  should a,pproach un i ty  deep i n  t h e  atmosphere, The 
c a l c u l a t e d  dose r a t e s  e x h i b i t  t h e s e  f e a t u r e s  a s  seen i n  fi,mre 5 .  

The res~rl_"r, of t h e  s o l a r  fla:re caEcul_at-i.ons a r e  canpa,red wi th  calcu.l.ation.s 
based on th-e work of k i m d o r f e r  e t  a l  ( r e f ,  9) and. caleula,t9ons neg lec t ing  
t W @ ~ e a r  in te ra ,@t ions  ( r e f  a 1-1). h1-L a l t i - t u d e s  where t h e  prima.ry par-Licl-es car? 
pene-krate,  . the agreemerit beJsween t h e  t h r e e  caLculatj.ons 2 s  good, For low 
eziergy e-fen-Ls such as .the 16:03 event, meaningfrjl, dose esJcirn_ai;es car! he made 
on:i.y by aceo~~r? t i .~?g  r"or r~i~(:l_ezi.".ir~t,era~ti.oij:j. :/'n ~a:~ . . i i  C S U . ] " ~ , ~ ~  Lai-ge 111;Ilibe:r:; oP 



ei2ergeti.e netztrons a r e  proc7iixced 1~i1.1:Eeh p e n e t r a t e  deep into -the atmosphere, For 
blgh energy events ,  such as t h e  Upper Limit oi" .ti'ebs~u.a,r~r 23,  19j6 -the ealc~zla- 
."i.ons base2  on t h e  Ijei-irido.rfer- e-t a1 da-La ( r e f ,  9) i s  110:; silf:f-icien-t a t  SST aLt:i.-- 
~Ludes, The reason i . s  tha t ,  t he  &-La of Leimdorfer e t  ai, ( ' ch is  ds.ta was n o t  
in tended  f o r  su-eh energe-t ic  events )  w a s  eorapu.ted. ".; on:i_y 450 MeV i n c i d e n t  enes- 
g ies ,  a,nd t h e  penetrra,t-ion e,"r,"i,.s energy -J'.s f a r  less than  the deeply penetra-Ling 
event  of Febrmav 23, 1936, Again. t h e  irnportanee of t h e  neutron compoxlen"cs 
ev ident  deep i n  t h e  atmosphere a s  noted by t h e  inc rease  i n  t h e  q u a l i t y  f a c t o r  
( t h e  ra,.tio of rem/rad) a t  subsonic a l t i t u d e s ,  
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